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Spindle shapea00-Fe16N2 nanoparticles (NPs) have been identified as one of the most promising rare-earth-free mag-
netic materials and synthesized with high purity in laboratory investigation recently. This study reports
characteristics and magnetic performance of spindle shaped core–shell a00-Fe16N2/Al2O3 NPs successfully
synthesized from hematite NPs. A two-step reaction process, i.e., hydrogen reduction and ammonia nitri-
dation treatments, was employed to produce the a00-Fe16N2 phase (making up to 99 wt.% of the core
content). The high-purity NPs exhibited saturation magnetization and coercivity of 186 emu/g and
2.2 kOe, respectively, at 300 K. The obtained a00-Fe16N2/Al2O3 NPs possessed a spindle shape with an
internal pore structure. Their porosity increased from 10% to 50–60% during the two-step synthesis pro-
cess, however, at the expense of crystallite size. The combined use of the present synthesis method and
hematite NP enables reduction in the synthesis reaction time, as well as the fabrication of NPs with excel-
lent magnetic performance. Furthermore, the present results suggest the potential of rare-earth-free
magnetic core–shell a00-Fe16N2/Al2O3 NPs in industrial applications.
 2016 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).1. Introduction
Magnetic materials composed of rare-earth elements are essen-
tial components of modern technology such as in electric vehicles,
wind turbines, and medical equipment. However, the availability
of rare-earth elements is limited by supply conditions, natural
abundance, and rapid demand growth for future application
requirements [1,2]. Accordingly, in recent years, these concerns
have driven the development of rare-earth-free magnetic materials
with excellent magnetic properties [3,4].
a00-Fe16N2 has been considered as one of the most promising
candidates as a future rare-earth-free magnetic material since it
was first reported in 1972 to exhibit superior magnetization in a
film, which was prepared by reactive vapor deposition [5]. Subse-
quently, several methods have been employed to prepare magnetic
film materials containing a00-Fe16N2 phase such as molecular beam
epitaxy [6,7], sputtering [8–10], and ion implantation [11,12] on
different substrates. However, such developments on thin films
cannot be translated to highly magnetic bulk materials [13].
Additionally, a00-Fe16N2 is a metastable phase that can partially
decompose to a-Fe and c0-Fe4N [14–17], further complicating thesynthesis of magnetic materials in bulk form. Accordingly,
nanoparticles containing a00-Fe16N2 phase have been synthesized
for the purpose of fabricating bulk magnetic materials [18–20]
and other direct applications such as magnetic recording media
[21] and magnetic nanocomposite fibers and films [22,23].
Synthesis methods for preparing a00-Fe16N2 NPs have been
extensively investigated to increase the volume fraction of the
a00-Fe16N2 phase in the final material over the past decade
[18,20,24–26]. Low-temperature nitridation processes have been
developed to produce ferromagnetic a00-Fe16N2 NPs by ammonia
nitridation of fine a-Fe powder, which was reduced from vapor-
grown c-Fe2O3 [18,20,24,26,27]. The content of the a00-Fe16N2
phase could also be improved from 60–81 wt.% to 91–99 wt.%
by decreasing the humidity and prolonging the treatment time
[15,20,26–28]. as well as including an oxidation step before the
reduction step [29]. Besides the nitridation conditions applied dur-
ing synthesis, the NP size is known to influence the formation of
the a00-Fe16N2 phase [28,30]. As reported, NPs with a large diameter
have a reduced tendency to react with core a-Fe under nitridation
conditions [28,29]. Recently, the successful synthesis of single-
phase a00-Fe16N2 NPs in gram amounts was achieved under well-
controlled conditions [24,25,31]. Pursuits in the preparation of
the high-purity a00-Fe16N2 are rationalized by the fact that the mag-
netic coercivity of the resulting NPs is significantly correlated to
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tion analysis with the coefficient of determination r2 = 0.98 and
significance level p < 0.01 [27], as illustrated in Fig. S1.
However, the synthesis of such high-purity a00-Fe16N2 com-
pounds is generally accompanied with reduced stability and sin-
tering of the final material [24,25,29,31–33]. To address these
issues, the magnetic NPs have been prepared to feature a shell
structure to protect the core component (a00-Fe16N2) against oxida-
tion, corrosion, magnetic lateral interaction among the particles,
and particle agglomeration [24,34,35]. Furthermore, the shell com-
ponent is expected to have attractive advantages in other applica-
tions such as in catalysis, sensors, and the biomedical field [36].
Though considerable efforts have been directed toward improv-
ing the purity of the a00-Fe16N2 phase and addressing the aforemen-
tioned issues, current synthesis methods are generally complex
and time-consuming, and typically involve the use of expensive
c-Fe2O3 NPs. These factors accordingly limit the mass production
of high-quality a00-Fe16N2 NPs, thereby restricting their synthesis
to the laboratory scale only. Thus, developing an alternative
synthesis method is desirable for the industrial applications of
a00-Fe16N2 NPs.
In the present study, we report the synthesis of core–shell
a00-Fe16N2/Al2O3 NPs from hematite NPs, as well as characterization
of their magnetic performance. The effect of the pore (contained in
the goethite NPs) on the formation of the a00-Fe16N2 phase and its
magnetic property are briefly discussed. An analysis on the appli-
cation of the current method in the industrial production of
rare-earth-free magnetic NPs in relation to the advantages and dis-
advantages of the method is also presented.
2. Experimental
2.1. Preparation of core–shell a-Fe2O3/Al2O3 NPs
Fig. 1 shows a simplified illustration of the preparation process of
the core–shella00-Fe16N2/Al2O3 NPs. The preparation processmainly
includes two steps, i.e., preparation and nitridation of core–shell
a-Fe2O3/Al2O3 NPs. The preparation process of a-Fe2O3/Al2O3 NPs
comprises a three-step reaction sequence described as follows. (1)
Spindle shaped goethite NPs of different sizes were synthesized
by mixing an aqueous solution of ferrous sulfate and sodium
carbonate under aeration, as described elsewhere in detail [37].
The goethite particle size was controlled by varying the precursor
concentration (Na2CO3 and FeSO4) in the range of 10–100 mmol/L.FeSO4
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Fig. 1. Schematic of the synthesis of spindle shaped core–shell a00-Fe16N2/Al2O3
NPs.(2) a-Hematite NPs were produced by dehydrating the goethite
NPs in air at 500 C in a rotating furnace, also described elsewhere
in detail [38]. Pores were generated in the a-hematite NPs during
the heating process owing to the removal of water molecules from
the goethite NPs. The morphological characteristics of the a-
hematite NPs were influenced by the calcination conditions
employed [38]. (3) The obtained a-hematite NPs were then dis-
persed in water to which aluminum hydroxide was added for sur-
face coating of the core. Alumina-coated a-hematite (core–shell
a-Fe2O3/Al2O3) NPs were finally obtained following washing with
pure water and subsequent drying in air [28].
The average particle size, density, and porosity of the three
core–shell a-Fe2O3/Al2O3 NP samples (named as Hematite13,
Hematite41, and Hematite110 with the number as their length)
are listed in Table 1.2.2. Synthesis of a00-Fe16N2/Al2O3 NPs
The core–shell a00-Fe16N2/Al2O3 NPs were synthesized via a two-
step reaction sequence i.e., hydrogen reduction and ammonia nitri-
dation. The synthesis method is detailed in our previous studies
[22,24,28,34]. Briefly, reduction and nitridation were conducted
using hydrogen and ammonia flows, respectively. Table 2 lists
the temperature and treatment time applied during the synthesis
processes. Since smaller size NPs are easier to be agglomerated
and nitridated than larger size NPs. The optimal nitridation tem-
perature for the three width samples of 8 nm, 22 nm, and 18 nm
are 145 C, 155 C, and 150 C, respectively. A decrease in NP diam-
eter can reduce the optimal nitridation temperature and time. The
prepared samples were immersed in pure toluene and then stored
in a glove box for subsequent use.2.3. Characterization
The morphology of the prepared NPs was analyzed using a scan-
ning electron microscopy (SEM; S-5000, Hitachi), a transmission
electron microscopy (TEM; JEM-2100F, Jeol), and a bright-field
scanning transmission electron microscopy (STEM; JEM-
ARM200F, Jeol) coupled with a high-angle annular dark-field
(HAADF) imaging. The elemental composition of the a00-Fe16N2/
Al2O3 NPs was determined using STEM coupled with an electron
energy loss spectroscopy (STEM-EELS; HD-2700, Hitachi); the
characterization instrument was equipped with an elemental ana-
lyzer (776-type ENFINA 1000, Gatan). The crystal size and chemical
composition of the prepared NPs were examined by X-ray diffrac-
tion (XRD; RINT2000, Rigaku Denki Co. Ltd., Japan), using Cu Ka
irradiation and a 2h scanning range of 20–80, and energy-
dispersive X-ray spectroscopy. The yield of a00-Fe16N2 phase was
estimated from the obtained XRD diffraction intensity of a-Fe
{110}, a00-Fe16N2 {220}, and a00-Fe16N2 {202} peaks, previously
described in detail [29]. The elemental composition of samples
was analyzed by inductively coupled plasma atomic emission
spectrometry (SPS-4000, Seiko Co. Ltd., Japan). The magnetic per-
formance of the prepared NPs was assessed using a superconduct-
ing quantum interference device (Quantum Design, Japan),
operating at 5 K and 300 K. Additionally, the apparent density
(qApp) of the core–shell a-Fe2O3/Al2O3 NPs was measured using a
gas pycnometer (Accupyc II 1340, Shimadzu). Subsequently, using
the theoretical densities of a-Fe2O3 (5.24 g/cm3) and Al2O3 (3.97 g/
cm3), the true density of the core–shell a-Fe2O3/Al2O3 NPs was cal-
culated as follows: qTrue = 3.97  gAl2O3 + 5.24  (1  gAl2O3 ), where
gAl2O3 is the weight ratio of Al2O3. The porosity of the a-Fe2O3/Al2O3
NPs was calculated as follows: 1  qApp/qTrue. The density and
porosity of the synthesized core–shell a00-Fe16N2/Al2O3 NPs were
also obtained using the same method.
Table 1
Average dimensions (width and length), equivalent diameter, crystallite diameter, density, and porosity of the a-Fe2O3/Al2O3 NPs.
Sample Width (nm) Length (nm) EDa (nm) Dcb (nm) qAppc (g/cm3) qTruec (g/cm3) gAl2O3 (%) Porosity (%)
Hematite13 8 13 11 11 4.48 5.15 7.6 12.9
Hematite41 22 41 31 22 4.57 5.19 3.8 12.0
Hematite110 18 110 38 21 4.81 5.22 1.9 7.8
a ED is the calculated equivalent diameter based on a sphere of equivalent volume [38].
b Dc represents the diameter of a crystallite.
c qApp and qTrue represent the apparent and true densities, respectively.
Table 2
Synthesis conditions used for reduction and nitridation.
Sample Reduction Nitridation
Temperature (C) Time (h) Temperature (C) Time (h)
Hematite13 375 10 145 25
Hematite41 375 10 155 15
Hematite110 375 10 150 15
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3.1. Synthesis of the spindle shape core–shell NPs
TEM and SEM images of the synthesized NPs are presented in
Figs. 2 and S2, respectively. The TEM and SEM images (Figs. 2a–c
and S2a–c) revealed that the a-Fe2O3/Al2O3 NPs synthesized from
the goethite NPs were well dispersed and featured an elongated
spindle shape. The average dimensions (width and length) are
listed in Table 1. The equivalent diameter (ED) based on a sphere
with equivalent volume was also calculated, with the assumption
that all spindle shape NPs featured an ideal rod shape. The EDs
of the three samples are about 11, 31, and 38 nm. Pores formed
in the core during dehydration of the goethite NPs. Owing to the
existence of pores, the porosities of these NPs were 12.9%, 12.0%,
and 7.8% for samples Hematite13, Hematite41, Hematite110,
respectively. However, the images obtained from these imaging
techniques were insufficiently clear to reveal detailed structural
features of the synthesized a00-Fe16N2/Al2O3 NPs because of their
magnetic property.
The a00-Fe16N2/Al2O3 NPs were synthesized from the a-Fe2O3/
Al2O3 NPs using reduction and nitridation treatments (see
Figs. 2d–f and S2d–f for the corresponding TEM and SEM images).
The aspect ratio (length/width) of these NPs decreased during syn-
thesis, whereas the average volume (or ED) of the NPs remained50 nm50 nm
(a) Hematite13
50 nm50 nm
(d) FeN13
(b) Hematite41
(e) FeN41
Fig. 2. TEM images of (a)–(c) spindle shape core–shell a-Fe2O3/Al2Omostly unchanged (see Table 3). Some particles, especially the
smaller ones, aggregated and agglomerated (see Figs. 2 and S2).
The porosities of the three types of a00-Fe16N2/Al2O3 NPs prepared
were 61%, 58%, and 50%. These values correspond to the increases
of 48%, 46%, and 42% when compared with the porosities of the a-
Fe2O3 NP samples. These increases were attributed to the forma-
tion of more pores in the core during the two-step treatment
owing to atomic dislocation and crystal structure transformation
in the particles [25,29,33]. The formation of pores results in an
internal pore structure (pores exist in the particles). The more
increase for smaller size NPs likely originates from the stronger
aggregated effect for smaller size NPs, and thus leads to an external
pore structure (pores exist between the particles). Thus, the
obtained a00-Fe16N2 NPs possessed a spindle shape with a pore
structure.
To further examine the core–shell structure of the a00-Fe16N2/
Al2O3 NPs, EELS line analysis of cross-sections of the samples (a)–
(c) was performed, as shown in Fig. 3a–c. The EELS analysis reveals
the high concentrations of iron (Fe) and nitrogen (N) in the core
and aluminum (Al) and oxygen (O) in the shell. Since concentra-
tions of Fe atoms are much higher than that of N atoms, the inten-
sity of N profiles is much lower than that of Fe profiles. Elemental
mapping analysis of sample (c) in Table 3 was also conducted, as
shown in Fig. S3. The results were consistent with those of previ-
ously reported core–shell structures [24,34]. Thus, the obtained
results confirmed that the synthesized NPs featured a core–shell
structure, and that the core and the shell were constituted of (Fe
and N) and (Al and O) elements, respectively.
3.2. Formation of the a00-Fe16N2 phase during nitridation
The XRD results of the synthesized NPs before and after reduc-
tion, and after nitridation are shown in Fig. 4. As observed, both
a-Fe2O3 and a-Fe were detected in all as-synthesized a-Fe2O3/50 nm
50 nm
(c) Hematite110
(f) FeN110
3 NPs and (d)–(f) spindle shape core–shell a00-Fe16N2/Al2O3 NPs.
Table 3
Average dimension (width and length), equivalent diameter, crystallite diameter, density, and porosity of the a00-Fe16N2/Al2O3 NPs.
Sample Width(nm) Length (nm) ED (nm) Dc (nm) qApp (g/cm3) qTrue (g/cm3) gAl2O3 (%) Porosity (%)
FeN13 10 11 12 12 2.77 7.05 10.2 61
FeN41 23 41 32 12 3.06 7.22 5.2 58
FeN110 24 59 37 14 3.67 7.31 2.6 50
(a)
20 nm 20 nm
(c)
20 nm
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 N 
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Fig. 3. Cross-sectional images of the core–shell a00-Fe16N2/Al2O3 NPs: (a) FeN13, (b) FeN41, and (c) FeN110. The Insets show EELS spectra scanned along the red line for each
sample.
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Fig. 4. XRD patterns of the a-Fe2O3/Al2O3 NPs: (a) Hematite13, (b) Hematite41, and (c) Hematite110 before and after reduction, and after nitridation.
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peaks were detected in all the three samples before nitridation.
The a00-Fe16N2 phase formed from the a-Fe phase during nitrida-Magnetic Field (kOe)
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Fig. 5. Magnetic hysteresis curves of the core–shell a00-Fe16N2/Al2O3 NPs (FeN13,
FeN41, and FeN110) measured at 300 K and the as-synthesized sample FeN110
(a-Fe2O3) before and after reduction (a-Fe).tion. The yield of the a00-Fe16N2 phase was controlled by the nitri-
dation time [28,29], as observed in Fig. S4. Using nitridation times
of 10, 15, and 25 h, the contents of a00-Fe16N2 phase in the cores of
samples (a) were 56.2%, 71.2%, and 94.9%, respectively. This result
further confirmed that the a00-Fe16N2 phase formed during the
nitridation process, and its yield increased with increasing nitrida-
tion times. Additionally, no alumina-related peaks were detected
in all samples, possibly owing to the insufficient amount of alu-
mina required to form a crystalline structure on the NP shell.
Table 4 lists the contents of the a00-Fe16N2 phase in the cores of
the prepared a00-Fe16N2/Al2O3 NP samples. The result indicated that
a high content of the a00-Fe16N2 phase formed from the original raw
material, goethite NPs. Furthermore, a high content of a00-Fe16N2Table 4
Average contents of the a00-Fe16N2 phase and magnetic properties of the synthesized
a00-Fe16N2/Al2O3 NPs at 300 K.
Sample a-Fe
(wt.%)
a00-Fe16N2
(wt.%)
Ms (emu/g in
total mass)
Ms (emu/g in
a00 phase)
Hc
(kOe)
FeN13 5.1 94.9 138 162 0.21
FeN41 4.3 95.7 159 175 0.21
FeN110 0.7 99.3 186 207 2.20
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Fig. 6. HAADF-STEM images of the core–shell (a) a-Fe2O3/Al2O3 (Hematite110) and (b) a00-Fe16N2/Al2O3 (FeN110) NPs. (c) Schematic showing the effect of pores on the
magnetic property of the core–shell NPs under a strong magnetic field (denoted by the red arrow). The red ellipses in (a) and (b) denote the locations of the pores. The green
arrows in (c) denote the magnetic polarization direction of the NPs. ‘‘N” and ‘‘S” in the pore walls denote the local polarized magnetism, whereas the blue arrows denote the
local polarized direction of the pores.
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formance [27].3.3. Magnetic performance of a00-Fe16N2/Al2O3 NPs
The magnetization characterization results of the synthesized
core–shell a00-Fe16N2/Al2O3 NPs determined at 300 and 5 K are
shown in Figs. 5 and S5, respectively. The magnetic performances
at 300 K of the prepared a-Fe2O3/Al2O3 and a-Fe NP samples (c)
are also shown in Fig. 5 for comparison. No magnetism was
detected for the a-Fe2O3-phase NPs. In contrast, magnetism was
observed after its reduction in the a-Fe-phase sample. The mag-
netic coercivity (Hc) improved following the nitridation process
(a00-Fe16N2-phase sample). The saturation magnetization (Ms) and
Hc of the samples following nitridation are listed in Table 4. Ms
was obtained by applying the law of approach to saturation [31].
Ms in the total sample mass for the three samples are 138 emu/g,
159 emu/g, and 186 emu/g, respectively. Ms only in a00-Fe16N2
phase, obtained from the division of both contents of the
a00-Fe16N2 phase and the particle core (shown in Tables 4 and 3)
from Ms in total sample mass, are 162 emu/g, 175 emu/g, and
207 emu/g, respectively. As observed, among all samples, sample
(c), which featured the highest a00-Fe16N2 content, displayed the
highest Ms and Hc values of 186 emu/g (in total sample mass)
and 2.20 kOe, respectively. When compared with a00-Fe16N2 NPs
synthesized from plasma synthesized Fe2O3 NPs [15,24,27–
29,34], such as 162 emu/g for a plasma synthesized core–shell
a00-Fe16N2/Al2O3 NPs in single phase [24], the present sample
FeN110 synthesized from goethite NPs has similar or better mag-
netic performance.3.4. Possible roles of pores in the NPs and implications
The existence of pores in the NP core, see Figs. 6a, b and S6, is
believed to have significant influences on both the synthesis
process and the magnetic property of the particles. A high porosity
in the prepared NPs before subject to the nitridation treatment can
provide a larger reaction surface area, allowing the formation of
the a00-Fe16N2 phase with a high content at the applied low reac-
tion temperatures [25,29]. This phenomenon can thus reduce the
reaction time. Additionally, the influence of the pores on the mag-
netic property of the NPs is schematically illustrated in Fig. 6c. As
the pores in the NP core act as cavities with no magnetic properties
and diamagnetism features are likely to appear on the pores inter-
face when the NP is polarized under an applied magnetic field, an
interface wall forms, possibly behaving as a domain wall with athickness of several nm to reduce the magnetic performance of
the NP [39].
Though the porous structure of the a-hematite NPs prepared
from goethite is not favorable to promoting the formation of large
a00-Fe16N2 crystallites, this issue can be addressed by a high pres-
sure extrusion to reduce the pore size and enhance the degree of
densification in the final material [33]. Herein, using the raw mate-
rial goethite presents three desirable advantages: (1) it affords the
synthesis of rare-earth-free magnetic NPs; (2) it is inexpensive;
and (3) it can reduce production costs. Furthermore, considering
the challenge associated with fabricating rare-earth-free magnetic
materials for target applications to meet future requirements [1,3],
the successful synthesis of the core–shell a00-Fe16N2/Al2O3 NPs
achieved herein suggests a new path for possible industrial pro-
duction and application of high-purity magnetic materials from
hematite NPs.
4. Conclusions
Spindle shaped core–shell a00-Fe16N2/Al2O3 NPs with a high
a00-Fe16N2 phase content (99 wt.%) in the NP cores were success-
fully synthesized from hematite NPs. Hydrogen reduction and
ammonia nitridation treatments were used to produce the a00-
Fe16N2 phase. The obtained a00-Fe16N2/Al2O3 NPs featured a spindle
shape and an internal pore structure with a high porosity of more
than 50%. The high porosity can be generated by controlling the
nitridation rate, however, has a detrimental effect on the crystallite
size of the formed a00-Fe16N2 phase. Regardless, the obtained NPs
displayed excellent magnetic properties, which were attributed
to pore size reduction and use of large goethite NPs (110 nm in
length). The present results suggest a feasible path for the indus-
trial production of the rare-earth-free magnetic materials using
goethite NPs.
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